Cerium is traditionally referred to as one of the "rare earths", but is in fact more plentiful in the earth's crust than many other elements, including lead. 1,2 It is also the most widely distributed of the "rare earths", averaging 22 ppm in the earth's crust. 3 Cerium is industrially important and is used in nuclear reactors; in alloys with nickel and chromium; and in microwave devices, lasers, masers, and in television sets. 1,2 Cerium is also used in agriculture, forestry and animal husbandry, and much attention is now being paid to the study of cerium in the environment. 4 The cerium content of seawater is of the order of 0.0015 ppb; 5 in the edible portions of oysters and clams it has been known to concentrate to levels 100-times and 1000-times higher, respectively, than in seawater. 6 Inhalation exposures of cerium in humans have been known to cause sensitivity to heat, itching, and an increased awareness of odor and taste.
In recent years, the monitoring and evaluation of rare earth elements (REEs) in some biological materials have received increasing attention from both nutritional and toxicological points of view, owing to the application of REEs in agricultural and biological fields. 7 The optimum concentration of some light REEs can significantly promote the growth of plants. The increasing industrial use of cerium and reports on cerium toxicity make it essential to have analytical procedures suitable for monitoring cerium in the environment. Marczenko 8 has reviewed many spectrophotometric methods for the determination of cerium. A spectrophotometric method based on Alizarin Red S is frequently used, but is sensitive to pH change. 9 In general, the available spectrophotometric methods cannot be applied directly in the analysis of cerium in environmental samples which normally contain, iron, calcium, magnesium, phosphate, etc. in quantities large enough to interfere with the analysis. 10 Several organic reagents proposed for the spectrophotometric determination of cerium(IV) includes 2,4-dihydroxy benzophenone benzoic hydrazone, 11 Arsenazo III, 12 pyridine-2,6-diol, 13 4-(2-thiazolylazo)resorcinol and 1-(2-thiazolylazo)-2-naphthol. 14 Recently, an indirect spectrophotometric method was proposed for the determination of cerium based on the decrease in the absorbance of Rhodamine 6G. 15 However, most of the proposed spectrophotometric methods lack sensitivity and show poor selectivity. Moreover, the methods suffer from serious interference of foreign ions. Methods based on atomic absorption spectrophotometry have lacked sensitivity; those based on flame or flameless atomization, or fuel-rich or fueldeficient flames, have proved to be equally ineffective. 16 More recently, a sensitive method has been reported using isotopedilution inductively coupled plasma spectrometry 7 for the analysis of cerium in biological materials, though it is disadvantageous in terms of cost and the instruments used in routine analysis, and also lacks simplicity. Hence, its accurate determination at trace levels using a simple, cost-effective and rapid method is of paramount importance. Spectrophotometry is essentially a trace-analysis technique, and is one of the most powerful tools in chemical analysis. This paper reports on a highly sensitive and specific spectrophotometric determination of cerium using Leuco Xylene Cyanol FF (LXCFF) as a new reagent. The method has been successfully applied to the determination of cerium in high-purity rare-earth oxides, soil, natural water, plant tissues, human hair, and rock samples.
Experimental

Apparatus
Jasco (Model UVIDEC-610) and Elico (Model SL-171) spectrophotometers with 1 cm matched glass cells were used for all absorbance measurements. The pH measurements were made with an Elico (Model LI-610) digital pH meter.
Reagents
All of the chemicals used were of analytical reagent grade, and distilled water was used throughout the study. Standard Ce(IV) solution (1000 µg/ml). Prepared by dissolving 0.3913 g of ammonium ceric nitrate (BDH, AnalaR) in 100 ml water containing 0.5 ml of concentrated nitric acid. A working standard solution was prepared by a suitable dilution of a standard solution as and when required. LXCFF, 0.1%.
Prepared by dissolving 100 mg of Xylene Cyanol FF in 25 ml of water containing 30 mg of zinc dust and 2 ml of 1 M acetic acid, stirred well and kept aside for 20 min. The resulting solution was then diluted to 100 ml with water (filter if necessary). Sulfuric acid.
0.05 M.
Acetate buffer (pH 4.0).
Prepared by dissolving 13.6 g of sodium acetate trihydrate in 80 ml of water. The solution pH was adjusted to 4.0 with acetic acid, and the mixture was diluted to 100 ml with water.
Procedure
An aliquot of a sample solution containing 3 -25 µg of cerium was transferred into a series of 10 ml calibrated flasks. Then, volumes of 0.5 ml each of the 0.05 M H2SO4 and 0.1% LXCFF were added, and the mixture was kept in a water bath (∼90˚C) for 15 min; after being cooled to room temperature (27 ± 2˚C), the contents were diluted to the mark with acetate buffer of pH 4, and mixed well. The absorbance of the Xylene Cyanol FF dye formed was then measured at 620 nm against the reagent blank prepared in the same manner, omitting cerium.
Results and Discussion
Cerium(IV) quantitatively oxidized LXCFF into its blue-colored Xylene Cyanol FF dye in a sulfuric acid medium (pH 1.4 -3.9) in a boiling water bath (∼90˚C for 15 min); the resulting colored dye shows a maximum absorbance at 620 nm in an acetate buffer medium (pH 3.5 -4.8). The reagent blank had negligible absorbance at this wavelength.
Effects of the acidity and temperature
The oxidation of LXCFF by Ce(IV) was studied. Of the various acids (sulfuric, hydrochloric and phosphoric) studied, sulfuric acid was found to be the best acid for the system. Constant absorbance readings were obtained in the 0.1 -1.5 ml range of 0.05 M sulfuric acid (or pH 1.4 -3.9) at a temperature 90˚C for 15 min. An increase of the pH above 3.9 markedly affected the stability and sensitivity of the dye. Color development did not take place below pH 1.4. Hence, a volume of 0.5 ml of 0.05 M sulfuric acid (or maintained pH 2) in a total volume of 10 ml was used in all subsequent work.
Effects of the reagent concentration and buffer media
The optimum concentration of LXCFF leading to maximum color stability was found to be 0.5 ml of 0.1% reagent per 10 ml of the reaction mixture. The absorbance values were measured in the pH range of 3.5 -4.8. This could be achieved by adding 3 ml of acetate buffer of pH 4. Appreciable results were obtained when the entire reaction mixture was diluted with the same acetate buffer solution of pH 4. A change in the pH range of the final reaction mixture was affected by the intensity of the colored dye. The formed colored dye was stable for more than a week.
Analytical data
A linear calibration graph was obtained for 3 to 25 µg of cerium in a final volume of 10 ml. The detection limit (DL = 3.3 σ/S) and quantitation limit (QL = 10 σ/S) [where, "σ" the standard deviation of reagent blank (n = 10) and "S" is the slope of calibration curve] of the cerium determination were found to be 0.05 and 0.16 µg ml -1 , respectively. The calibration graph has a correlation coefficient of 0.999. The molar absorptivity, specific absorptivity, and Sandell's sensitivity of the method were found to be 4.25 × 10 4 l mol -1 cm -1 , 0.3 ml g -1 cm -1 and 0.0033 µg cm -2 , respectively. The reproducibility of the method was established by an analysis of standard solutions of 4, 8, and 12 µg of cerium in a final volume of 10 ml. Ten replicate determinations of each concentration gave relative standard deviations of 1.6, 1.0 and 0.6%, respectively.
Effect of interfering ions
The effect of various potential interferents on the determination of cerium by the proposed procedure was examined. The results of these experiments are given in Table  1 . The tolerance limits of interfering species were established at the concentration required to cause not more than a ±2% error in the recovery of cerium at 2 µg ml -1 . Oxidizing agents, such as Cr(VI), Fe(III), V(V), and iodate, interfere severely with the determination of Ce(IV). However, the interference of these ions could be restricted by using appropriate masking agents in the analysis of samples.
Applications Determination of the cerium content in high-purity rare-earth oxides.
The cerium(IV) content of various high-purity rareearth oxides was determined by taking 100 mg of RE2O3, to which 10 ml of 1:1 HCl was added and heated on a hot plate. 9 After dissolution, the volume of the solution was made up to 25 ml with water after being neutralized with dilute ammonia. Subsequently, a suitable aliquot of this sample was taken and subjected to the determination of cerium, as described in the general procedure ( Table 2) .
Determination of cerium in soil.
A known amount (1 g) of air dried homogenized soil sample spiked with a known amount of cerium(IV) was taken, and then fused with 5 g of anhydrous sodium carbonate in a silica crucible and evaporated to dryness after the addition of 25 ml of water. The dried material was dissolved in water, filtered through Whatman No. 40 filter paper into a 25 ml calibrated flask and neutralized with dilute ammonia. It was then diluted up to the mark with water. An aliquot of this sample solution was analyzed for cerium according to the general procedure ( Table 2) .
Determination of cerium in water.
Each filtered environmental water sample (100 ml) was analyzed for cerium. They tested negative. To these samples, known amounts of cerium were added, and analyzed for cerium content according to the general procedure ( Table 2) .
Determination of cerium in plant tissues.
The plant tissue sample was washed with distilled water. The washed sample was dried at 120˚C to a constant weight (referred to as dry weight) and homogenized. The weighed sample (100 mg) was heated with concentrated sulfuric acid (5 ml) on a hot plate at 70˚C for 5 min and nitric acid was added drop-wise until any visible reaction ceased. 3 The temperature was then raised to 100˚C and the heating was continued for 15 min. The reactants were taken off the plate; about 25 ml of water was added and resultant solution was cooled and made up to a known volume with water in calibrated flasks after being neutralized with dilute ammonia. An aliquot of this sample solution was analyzed for cerium content by following the general procedure ( Table 2) .
Determination of cerium in human hair.
A known amount of human hair sample was digested with a 10 ml mixture of HCl and HNO3 (3:2 v/v) for 10 min. The solution was cooled and neutralized with dilute ammonia, and analyzed for cerium content according to the general procedure ( Table 2) .
Determination of cerium in rock samples.
A known amount of finely ground standard sample (rock) was opened out by repeatedly heating with 2 ml of concentrated nitric acid and hydrogen fluoride. 17, 18 The mixture was treated with 2 ml of 5 M sulfuric acid and evaporated to fumes of sulfur trioxide. The residue was leached with water, filtered, and diluted up to a known volume after treating it with a 5% citrate solution or 0.05 1276 ANALYTICAL SCIENCES NOVEMBER 2002, VOL. 18 g of sulfosalicylic acid. Suitable aliquots of this sample solution were analyzed for cerium(IV) by following the proposed procedure. The reliability of the procedure was checked by the method of standard addition to the same sample solutions. The data (RSD, t-value) show that the method works satisfactorily (Table 3) .
In all of the above cases (Table 2) , parallel determinations were carried out making use of a reference method, 15 and a statistical analysis of the results by F-and t-tests showed no significant difference in the proposed and reference methods, which shows the accuracy and precision of the proposed method.
Conclusions
In this work, a new, simple, highly sensitive, selective and inexpensive method with LXCFF was developed for the determination of cerium in environmental, biological and synthetic samples. It also offers a very efficient procedure for speciation analysis.
The sensitivity in terms of molar absorptivity and precision in terms of the relative standard deviation of the present method are very reliable for the determination of cerium in different samples. 
